This work studied the dynamic behavior of polymerization in films of liquid crystal ͑LC͒-polymer mixtures by using the pump-probe technique. Chopped Ar ϩ laser pulses were used as pump beams, and probed by a cw He-Ne laser. The experimental results indicated that the transmission of the probe beam was modulated in response to the chopping frequency of the pump beam. The modulation was such that transmission during the on-time of the pump beam was initially smaller than, then equal to, and finally larger than that in the off-time. Analyzing the transparency difference between the films with and without the Ar ϩ laser pulse allows us to recognize the three stages of polymerization process, initiation, propagation, and termination. Moreover, both the LC content in the sample and the chopping on/off ratio of the pump beam significantly affected the turning point occurred and the modulation amplitude of the probe beam. A model is proposed to explain these observed results.
I. INTRODUCTION
Liquid crystal polymer dispersions have received increasing interest owing to their highly promising use in displays and light modulating devices. This new class of materials are generally referred to as polymer-dispersed liquid crystals ͑PDLC͒ 1,2 or polymer-stabilized cholesteric texture ͑PSCT͒, 3 depending on the prepolymer concentration in the mixtures. The former contains ϳ20%-80% of prepolymer. Upon polymerization, liquid crystals are phase separated from polymer to form droplets dispersed in a polymer matrix. The prepolymer used in the latter is a diacrylate monomer and its concentration is usually below 10%. Anisotropic polymer networks are formed in PSCT for use in stabilizing the cholesteric LC structure in the cell. It is noted that the low concentration polymer networks are capable of capturing the orientational order of the original liquid crystal medium where they were formed. 4 In addition to their use in displays, PDLC films have also found other applications including variable transmittance windows, 1,2,5-10 Gaussian filters, 11 and gratings/holograms. [12] [13] [14] [15] The formed grating/hologram is permanent, but can be electrically, [12] [13] [14] or optically switchable. 15 For PSCTs, however, display applications dominate.
In light of above developments, this work elucidates the dynamic behavior of polymerization effects in films of liquid crystal polymer dispersions. To do so, the pump-probe technique is employed. The experimental results indicate that the polymerization processes, initiation, propagation, and termination, liquid crystal-polymer mixing ratio and chopping on/ off ratio of the pump beam significantly affect the dynamic change of the film's transmission. This change is primarily due to the photoinduced electrons and propagation of both of the monomers and liquid crystal molecules.
II. EXPERIMENT
The liquid crystal, monomer, crosslinking agent, and coinitiator used in this experiment were E7 ͑E. Merck͒, dispentaerythritol pentacrylate ͑DPHPA; Polysciences͒, 1-Vinyl-2-pyrrolidinone ͑NVP; Aldrich͒, and N-Phenylglycine ͑NPG; Aldrich͒, respectively. While preparing the sample, a small amount of photoinitiator dye, Rose Bengal ͑RB͒ was added to the PDLC mixtures. The function of the RB dye was to form free radicals and, then, initiate polymerization of DPHPA and NVP in the presence of NPG while the film was illuminated by a green-blue light. Notably, RB dye does not absorb the He-Ne laser ͑ϭ632.8 nm͒.
Initially, a prepolymer mixture was made, in which the mixing ratio was 84 wt % of DPHPA, 13 wt % of NVP and 1 wt % of NPG. This mixture was then mixed with E7. Three different LC concentrations, 0, 40 and 60 wt % of the mixtures were then prepared. Finally, ϳ0.7 wt % of RB was added to the mixtures. The initial states of these mixtures were isotropic at room temperature. Drops of the homogeneously mixed compound for a given mixing ratio were then sandwiched between two indium-tin-oxide ͑ITO͒ coated glass slides separated by 36-m-thick plastic spacers to form a sample. Figure 1 shows the experimental setup for studying the dynamical polymerization effects of the fabricated samples. A cw Ar ϩ laser beam with a power of ϳ300 mW was chopped, and incident normally onto a sample. The laser beam was then used as a pump beam to initiate polymerization of a prepolymer in the mixtures. When applying these pump-beam pulses, an unpolarized He-Ne laser ͑5 mW͒ was a͒ Author to whom correspondence should be addressed; electronic mail: andyfuh@mail.ncku.edu.tw introduced simultaneously to probe the excited region of the sample. The angle between these two beams was ϳ1.5°. Next, the sample with LC content of 40 wt % was used to study the dependence of the probe-beam transmission on the ratio of off-time to on-time of the chopped pump beam. Notably, the on-time was fixed at 1 s, while the off-time was varied. For all measurements, a current sensitive amplifier ͑EG&G mode181͒ was connected to the ITO electrodes of the sample to monitor the induced current. when the pump beam ͑the on-time͒ illustrates the sample than when the sample is not illuminated ͑the off-time͒. After the turning point the reverse is true. Notably, a significant current was induced for all three samples. Our results indicated that this was a dc current with the negative charges moving against the propagation direction of the pump/probe beam.
III. RESULTS AND DISCUSSION
Previous investigations have assumed that the lower transmission seen by the probe beam during the pre-turning point sample is due to the absorption of the light by the mobile charge carriers. In addition, the mobile charges are assumed to be free electrons. As well known the polymerization process can be characterized by a sequence of events, initiation, propagation, and termination. The initiation process together with the light absorption by RB dye molecules produces charge carriers. In our polymer system, absorption by the photoinitiator RB results in an excited singlet state followed by fluorescence or inter-system crossing to the triplet state. 14 The RB triplet undergoes an electron-transfer reaction in which NPG functions as an electron donor, producing an NPG radical. This radical can add successive monomers to itself and the process continues. This is commonly referred to as the stage of propagation. The process terminates when either the supply of monomers is exhausted or the radicals react with each other with the loss of radical activity. Since the pump beams are incident from one side of the sample ͑called the A side͒, the consumption of monomers due to polymerization starts from this side. Thus the monomer concentration is lower on the A side, giving rise to the diffusion ͑propagation͒ of monomers towards the A side from the other side ͑called the B side͒. The monomer diffusion together with the NPG electron donor results in the current. On the other hand, as liquid crystal molecules are not consumed, their chemical potential increases in the A side of the sample. Hence there was a diffusion of LC molecules from the A side towards the B side. 15 The flow of charges tends to align LC molecules with their long axes along the flow direction. Consequently, the transmission of the probe beam should be higher when the pump beam ͑on-time͒ illuminates the sample than during off-time. Next, the ''homeotropically'' aligned sample was verified optically using a typical arrangement for conoscopic inspection. Figure 6 shows the observed patterns corresponding approximately to the maximum modulation. In addition, an induced voltage of ϳ50 mV was detected across the electrodes during the polymerization, indicating that the polymer may trap the charges. The induced field might enhance the LC alignment along the beam direction induced primarily by the charge flow. It is noted from Fig. 6 that the film did not retain the homeotropic order of LC molecules after the pump pulse was off. This resulted from the fact that the film polymerized from its initial isotropic phase. The alignment of LC molecules accompanying the pulsed polymerization observed in the present case started to become significant at ϳ100 s after the polymerization began ͑see Fig. 4͒ . Before then, the polymerization was performed in a randomly oriented LC state, and resulted in an isotropic polymer network 4 which, in general, has no memory effect.
During polymerization of LC-polymer mixtures, the above two effects on the transmission of the probe beam, i.e., the charge effect and the LC alignment effect, competed with each other. The former occurred in the initiation stage, and thus dominated in the early time. The transmission of the probe beam was thus observed to be lower in the sample illuminated with the pump pulse than in that without the pump pulse, as shown in Figs. 3 and 4 before the turning point. As the polymerization continued, the LC alignment effect became pronounced. When the two effects were equal in amplitude, the sample illuminated with the pump beam and that without it was zero did not differ in terms of the probe-beam transmission. This occurred at the time of the turning point shown in Figs. 3 and 4 . After the turning point, the LC alignment effect became dominant. Therefore, the probe-beam transmission was then higher in the sample illuminated with the pump beam than that without, as shown in Figs. 3 and 4 . Above discussion accounts for the absence of a turning point in Fig. 2 since this is the result obtained from the sample without adding LC.
Notably, the base lines in Figs. 3 and 4 are nearly unchanged at first and then decrease later. This decrease is due to the formation of LC droplets or domains which scatter the probe beam. A previous study has used this light scattering effect to study the phase separation of LC-polymer mixtures. 16 Measuring of the dynamic polymerization shown in Fig.  5 provides valuable information about the response times. The charge effect response is clearly much faster than that of the LC alignment effect. This is expected since the charge effect is associated with the light absorption by the induced electrons. Meanwhile, the LC alignment effect results from the propagation of both LC and monomer molecules and the induced electric field due to the trapped charges. According to Fig. 5 , the 10%-90% rise-and fall-time for the charge absorption effect can be measured to be 135 and 191 ms, respectively. However, the response times cannot be measured from Fig. 5 for the LC alignment effect since the probe-beam transmission is not saturated yet for the 1 s ontime of the chopped Ar ϩ pulse. In a separate experiment, the measurements are repeated with those results shown in Fig.  5 . However, the Ar ϩ laser was turned off at ϳ300 s, and then turned on for ϳ10 s at 344 s. Figure 7 summarizes the measurements of the transmission of the He-Ne probe beam in response to that Ar ϩ laser pulse. The 10%-90% rise-and fall-time for the LC alignment effect due to the combination of molecular diffusion and the induced electrical field of the trapped charges were ϳ2.5 and ϳ6 s, respectively. Figure 8 shows the difference of the probe-beam transmission between the on-and off-time of the chopped Ar ϩ laser as a function of curing time in a PDLC film having a LC concentration ϳ40 wt % ͑Fig. 3͒. Clearly, the amplitude of the difference is initially negative ͑charge effect͒, then equals zero ͑the turning point͒, and finally becomes positive ͑LC alignment effect͒. Qualitatively, the three polymerization processes, initiation, propagation, and termination can be represented in three regions I, II, and III, as illustrated in Fig. 8, respectively .
The time at which the turning point appears depends on the LC monomer mixing ratio, as shown in Figs. 3 and 4 . According to these figures the turning point appears earlier in a sample with a higher LC content. By using the sample whose results are displayed in Fig. 3 ͑with an LC content of 40 wt %͒, this work also studied the dynamic polymerization effect by varying the off-to on-time ratio of the chopped pump beam. Notably, the on-time of the chopped pump beam was fixed at 1 s, while the off-time was varied. According to our results, the time at the turning point, amplitude of the maximum modulation of the probe beam, and its occurrence time strongly depend on the off-to on-time ratio. Figures 9 and 10 summarize the measurement results. Figure  10 shows the amplitude of the maximum modulation and its occurrence time as a function of the chopped off-to on-time ratio. This figure reveals that both of these parameters increase with the ratio of off-to on-time. This can be understood as follows. As mentioned above, the turning point exists due to the compensation of the charge effect on the probe-beam transmission by the LC alignment effect during polymerization. The larger the LC content in a sample implies stronger diffusions of both the LC molecules and the monomer during the propagation stage. Also, the LC domain or droplets formed in such a sample is larger, leading to a situation in which LC molecular alignment is enhanced more easily by the induced field due to the trapped charges. Thus, the LC alignment effect becomes more pronounced. Doing so would not only make the turning point occur earlier but 9 . Variation of the measured time at which the turning point appears for the sample, giving the same result as Fig. 3 with respect to the off-to on-time ratio of the pump pulses.
the maximum modulation amplitude of the probe-beam transmission would become larger in a sample with a higher LC content ͑Fig. 4͒ than that with a smaller LC content ͑Fig. 3͒. Figure 9 reveals that the turning point occurs earlier in a sample polymerized with a smaller chopping off-to on-time ratio. This is reasonable since the average curing intensity in this case, i.e., a higher duty cycle, is greater. This accounts for the results in Fig. 10 , in which the maximum modulation increases with an increasing off-to on-time ratio.
The response times of the LC alignment effect on the transmission of the probe beam are slow as depicted in Fig.  7 . Therefore, if the off interval between two consecutive pump pulses is smaller than the fall-time, the sample, after being pumped by the first pulse, does not relax completely before the arrival of the following pulse. The accumulated effect reduces the modulation of the probe beam transmission. Restated, the modulation increases with an increase of off interval. Consequently, the amplitude of the maximum modulation of the probe beam should initially increase with an increase of off-to on-time ratio, becoming saturated when the off interval is comparable to or larger than the fall-time, as shown in Fig. 10 .
Notably, the induced currents ͑not shown͒ for the polymerization by varying the chopping off-to on-time ratio, similar to those shown in Figs. 3 and 4 , decay to a negligible value at the time when the modulation of the probe beam is nears its maximum. We believe that this is due to the end of propagation stage in the polymerization process as marked in Fig. 8 .
In conclusion, this work has studied the dynamic behavior of polymerization in films of liquid crystal-polymer mixtures by using the pump-probe technique. Chopped Ar ϩ laser pulses were used as pump beams, while the film was probed by a He-Ne laser. In response to the pump pluses, the transmission of the probe beam was modulated. The transmission during the on-time of the pump pulses was initially lower than, then equal to, and finally higher than that in the offtime during polymerization. This dynamic change appears to have two causes. First, the competition of the absorption effect by the induced charges, and second, the LC alignment effect caused by the molecular diffusion and the induced electrical field. The former effect occurs earlier, meaning the probe beam initially has a lower transmission during the ontime of the pump pulses. As the polymerization continues, the LC molecules are then aligned with their direction axes along the propagation direction of the probe beam. This means that the transmission of the probe beam is higher in the samples illuminated with the pump beam than those without. When the two effects are equal in amplitude, the probe beam sees an equal transparency of the film during both the on-and off-time of the pump beam. After this turning point, the LC alignment effect becomes dominant and, therefore, the transparency is then higher when the sample is pumped. Moreover, analyzing the transparency difference between the films with and without the Ar ϩ laser pulse allows us to recognize the three stages of polymerization process, initiation, propagation, and termination. It should be noted that above phenomenon is more pronounced if a small amount of a guest-host dye G-206 ͑Nippon Kaukoh-Shikiso Kenkyusho͒ is added in the mixture. As generally known, a guest-host dye can enhance the molecular reorientation of liquid crystals.
Results in this work, suggest that manipulations of the molecular diffusion of both LC and monomer molecules can be made using a pulsed curing beams. In addition, PDLC devices that requires an anisotropic phase separation such as PDLC gratings may be optimized by using a suitable pulsed writing beams. Experiments are underway to verify such a possibility.
